Co-Ni-Fe thin films electrodeposited by a rectangular pulse current technique within a frequency range from 0.1 to 1.2 MHz were investigated using energy dispersive X-ray microscopy and X-ray diffraction. The Fe, Ni, and Co contents in the Co-Ni-Fe films rapidly increased at resonant frequencies. The number of resonant frequencies was odd, and was explained by an energy-level transition. With an increase in the Fe content, the crystal structures of the Co-Ni-Fe thin films changed from the hexagonal closed-packed (HCP) crystal structure, to an amorphous structure, and further to the body-centered cubic (BCC) crystal structure.
INTRODUCTION
Co-Ni-Fe thin films have been extensively studied owing to their high magnetic saturation [1] and low coercivity strength [2] . Electrodeposition has advantages over vacuum processes such as sputtering for the synthesis of Co-Ni-Fe films because of its low cost and the opportunity it provides to choose deposit structures and compositions easily [3] [4] [5] [6] . The effects of electrochemical parameters such as pH, deposition temperature, solution compositions, additives, and current density on magnetic properties of Co-Ni-Fe electrodeposits, which were definitely related to their crystalline structures, were investigated.
Among many structures of Co-Ni-Fe electrodeposits, Co-Ni-Fe nanostructures [7] [8] [9] [10] [11] [12] have recently been investigated as promising candidates for soft magnetic materials. For example, nanowires of Co-Ni-Fe electrodeposits formed by template-assisted electrodeposition showed an experimental value approximately equal to the theoretical magnetic saturation. Nanoparticles of Co-Ni-Fe electrodeposits exhibited a lower coercivity strength depending on their particle size.
Crystallographic structures of Co-Ni-Fe thin films also determine magnetic properties. For example, from a magnetic viewpoint, the hexagonal closed-packed (HCP) crystal structure provides an effect equivalent to uniaxial magnetic anisotropy and plays an essential role in the magnetic saturation and coercivity [7] . A relationship between compositions of Co-Ni-Fe thin films and their crystallographic structures was investigated [13] [14] [15] [16] [17] . In most cases, the crystallographic structures of Co-Ni-Fe materials were the face-centered cubic (FCC) crystal structure and the body-centered cubic (BCC) crystal structure, which had a smaller magnetic anisotropy. In this study, we report that Co-NiFe thin films had the HCP crystal structure, an amorphous structure, and the BCC crystal structure.
In the synthesis of Co-Ni-Fe thin films, an anomalous co-deposition of Co, Ni, and Fe has been reported [18] [19] . It has been said that metal elements should be preferentially electrodeposited in the order of Fe ions, Co ions, and Ni ions because their standard reduction potentials are Fe 2+ , Co 2+ , and Ni 2+ in ascending order of value. When less noble metals were preferentially electrodeposited, it was called an anomalous co-deposition. However, electrodeposition is a non-equilibrium phenomena different from physics in a thermal equilibrium. We exhibited that in Ni-Co electrodeposition, where the Co content in Ni-Co thin films definitely increased at a resonant frequency [20] in comparison with the Ni content. In this study, we report a change in the order of the elements preferentially electrodeposited at a resonant frequency within the frequency range from 0.1 to 1.2 MHz. The aims of the present study are to show a rapid increase in the Co, Ni, and Fe content in CoNi-Fe thin films at resonant frequencies, as well as a change in their crystallographic structures from the HCP crystal structure, to an amorphous structure. and further to the BCC crystal structure with increasing Fe content.
EXPERIMENTAL SETUP
Copper plates of 30 ×10 mm 2 The cathode and anode were placed parallel to each other in a cell filled with aqueous solution A, B, or C, which was maintained at a temperature of 303 K during electrodeposition.
A rectangular pulse current within a frequency range from 0.1 to 1.2 MHz was supplied to the cell by a function generator. A 22 Ω metal film resistor was connected in series with the cell to determine the current density flowing to the cell. The impedance of the metal film resistor was independent of the frequency under 80 MHz. Figure 1 shows a typical rectangular pulse current with an amplitude of 35 mA/cm 2 and a frequency of 0.8 MHz. After the electrodeposition, the Co-Ni-Fe thin films electrodeposited on the copper plate were rinsed with distilled water. They were weighted to the precision of 0.1 mg with an electric balance to determine the film thicknesses.
The element contents in the Co-Ni-Fe thin films on the copper plate were investigated using energy dispersive X-ray spectroscopy (EDX: Shimazu EDX-800). The crystallographic structures of the Co-Ni-Fe thin films were determined using X-ray diffraction (XRD: Rigaku Ultima) with CuKα radiation. Figure 2 shows the dependence of the element contents in Co-Ni-Fe thin films on the deposition frequency. The Co content changed within a range from 61 to 63 wt % and had 62.4 wt% averaged over frequency. The Ni content changed within a range from 17 to 22 wt % and had the mean value of 18.8 wt %. Similarly, the Fe content changed within a range from 17 to 22 wt % and had the mean value of 18.6 wt %. The changes in the element contents were small, however, all the element contents changed with the frequency. In a thermal equilibrium, the standard reduction potentials ∆E of Fe 2+ , Ni 2+ , and Co 2+ are -0.44, -0.277 and -0.257 V [21] , respectively. When the applied potential is zero, according to the free energy ∆ = − ∆ where n is the valence number and F is the Faraday constant, the frequency νo at which an electron transfers from an electrode to an ion in a solution is expressed as [22] = ℎ
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where kB is Boltzmann's constant, T is the absolute temperature, h is Planck's constant, and R is the gas constant. According to Eq. (1), the order of the element preferentially crystallized from an ion to an atom is said to be Co, Ni, and Fe. If the Fe content in a thin film electrodeposited in a solution containing Co 2+ and Fe 2+ is larger than the Co content, the electrodeposition is said to be anomalous.
However, the standard reduction potential does not become a criterion in preferential electrodeposition because ∆G 0 > 0 for Fe 2+ , Ni 2+ , and Co
2+
ions. Within a framework of an energy level transition [20] , an electron that exists at the Fermi level in a cathode gains an energy Eg in the electric field when the electron passes through the electric double layer to which the megahertz frequency electric field is applied. When a difference between the energy Ec of the complex ion in a solution and the Fermi energy EF of the electron is equal to the gained energy Eg, the probability of transition has a maximum value. The element content in Co-Ni-Fe thin films is thought to be proportional to the complex content, Cc comprising the element ion and tartaric ion in a solution. By analogy with Eq. (1), the element content Ce in Co-Ni-Fe thin films is given by
where the energy difference, ∆ = − . Figure 2 shows that according to Eq. (2), an absolute difference between Eg and ∆ for Co 2+ , Fe
, and Ni 2+ is large in ascending order of value. Figure 3 shows an XRD pattern of the Co-Ni-Fe thin film electrodeposited at 0.85 MHz. According to the EDX analysis, the thin film contained 62.9 wt % Co, 19.0 wt % Ni, and 18.1 wt % Fe. Three diffraction peaks were indexed as crystallographic planes of Co polycrystals. This means that Ni and Fe atoms were solid-soluted into the HCP lattice points of Co. Hence, the Co-Ni-Fe thin films will show uniaxial magnetic anisotropy. These peaks, which were obtained from a 12.1 μm thick Ni-Co-Fe film, were very weak and broad in width. We estimated the mean grain size, d using the Scherrer equation [23] , = / , where K is the shape factor, λ is the X-ray wavelength, and β is the line broadening at the Bragg diffraction angle θB. We obtained the mean grain size of 9.9 nm from the diffraction peaks (002) of Figure 3 using K=1. The high content of Co seemed to determine the crystal structure of the Co-Ni-Fe thin films as HCP. Figure 4 shows the dependence of the element contents in Co-Ni-Fe thin films on the frequency. In comparison with solution A, solution B contained a higher content of Fe ions. As a result, the Fe content in the Co-Ni-Fe thin films increased and decreased the Co content. The Ni content changed within a range from 17 to 25 wt %, which was approximately in the same range as that in solution A. The Co content changed within a range from 49 to 51 wt %, which was a smaller value than that electrodeposited in solution A. The Fe content in the Co-Ni-Fe thin films changed within a range from 25 to 32 wt %. We could not determine the resonant frequencies because the Fe content changed in a narrow range. For example, the Fe content had a local maximum value at 0.8 MHz, but the frequency was not clearly a resonant frequency. Figure 5 shows an XRD pattern of the Co-Ni-Fe thin film electrodeposited at 0.85 MHz. The Co-Ni-Fe thin film contained 49.8 wt % Co, 24.7 wt % Ni, and 25.5 wt % Fe. There was no diffraction peak except for diffraction peaks from the Cu plate. As is well known, the crystal structures of Co, Ni, and Fe are HCP, FCC, and BCC at room temperature, respectively. The rule of what crystal structure the Co-Ni-Fe thin film seems to be very simple. For example, if the Co content in Co-Ni-Fe thin films is significantly high, the HCP crystal structure is chosen. The XRD pattern in Fig. 5 shows that an amorphous structure was stable in the region of the Co, Ni, and Fe content, that is, the free energy of the amorphous structure was lower than that of HCP, BCC, and FCC. The amorphous Co-Ni-Fe thin films may have lower magnetic losses and higher electrical resistivity [24] . Figure 6 shows the dependence of the element contents in Co-Ni-Fe thin films on frequency for solution C. The Fe content changed within a large range from 29 to 53 wt %. The Fe content in the CoNi-Fe thin films increased with the changed Fe content in the solutions. The Fe content showed a constant value of approximately 40 wt % at frequencies less than 0.3 MHz, but had three maximum values in a range of frequency from 0.3 to 0.7 MHz. Several Fe contents were larger than the Co and Ni contents: in thermal equilibrium this is called anomalous co-electrodeposition. The number of resonant frequencies is three (an odd number). The resonant frequency at 0.3 MHz corresponds to the frequency related to the first excited state [20] . According to the prediction by the energy level transition theory [25] , the number of resonant frequencies should be odd. At frequencies higher than 0.7 MHz, the Fe content had a constant value. The Ni contents also had three maximum values including the value at 0.7
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MHz and the Co content had one maximum value at 0.45 MHz. Thus, the number of resonant frequencies was odd irrespective of the elements. shows an XRD pattern of the Co-Ni-Fe thin film electrodeposited at 0.65 MHz. The Co-Ni-Fe thin film contained 35.8 wt % Co, 10.5 wt % Ni, and 53.7 wt % Fe. One diffraction peak was indexed as a crystallographic plane of the BCC crystal structure of Fe. The peak, which was obtained from a 14.2 μm thick Co-Ni-Fe film, was very weak and broad in width. Estimating the mean grain size d using the Scherrer equation, we obtained the mean grain size of 5.6 nm from the diffraction peaks (110) of Figure 7 . The high content of Fe seemed to determine the crystal structure of the Co-Ni-Fe thin film as BCC. All the grains had grown in the direction of <110>.
In summary, the contents in the Co-Ni-Fe thin films changed with the frequency irrespective of the solution used. Of particular note, the contents in the Co-Ni-Fe thin films electrodeposited in solution C appreciably showed electrodeposition resonance. With increasing the Fe content, the Co-Ni-Fe thin films electrodeposited in solution A, B, and C had the HCP crystal structure, the amorphous structure, and the BCC crystal structure, respectively.
CONCLUSIONS
The Fe, Ni and Co contents in the Co-Ni-Fe thin films formed by the rectangular pulse current over the megahertz frequency range showed maximum values at resonant frequencies. The number of resonant frequencies was odd irrespective of the elements, and was explained by the energy level transition. With an increase in the Fe content, the crystal structure of the Co-Ni-Fe thin films changed from the HCP crystal structure, to the amorphous structure, and further to the BCC crystal structure.
